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MS is a chronic autoimmune disorder of the CNS, which is predominantly diagnosed in young adults and has long-term implications for their personal and professional lives (7, 17, 35) . This neurodegenerative disease is associated with complex neurogenic bladder dysfunction; the clinical progression of severe LUT symptoms often parallels the progression of MS. LUT symptoms are usually present in 32-97% of patients with MS (9, 17, 35) and include urinary urgency, incontinence, nocturia, urinary hesitancy, overflow incontinence, a sensation of incomplete emptying, urinary retention, and a weak urinary stream (38) . The most frequent complaint is urgency of micturition followed by urinary frequency (9, 10, 17, 38) . In ϳ5-10% of patients, bladder symptoms are present at the onset of MS (38) ; however, patients with advanced MS regularly experience LUT symptoms (7, 41) , which often correlate with bowel and sexual dysfunction (18, 33, 42) .
Treatment modalities for LUT dysfunction in MS patients primarily consist of antimuscarinic drugs along with other supplemental approaches (11, 19, 50) . However, given the unfavorable side effects of antimuscarinics and poor persistence with therapy, effective therapeutic approaches are desperately needed. The discovery of new pharmacological targets has been hampered by a lack of appropriate animal models of MS to study neurogenic bladder dysfunction (2) . The development of animal models in which the clinical and histological pathology of the LUT is similar to that observed in the majority of MS patients is imperative to better understand the pathological mechanisms contributing to LUT dysfunction in MS. Prior work in this field has largely focused on the experimental autoimmune encephalomyelitis (EAE) rodent model of MS, which is induced by immunization with myelin basic protein (MBP) or its derived encephalitogenic peptides (30, 34) . Animals with EAE develop pathological features of inflammation and demyelination in the CNS, characterized by infiltration of the spinal cord with inflammatory cells expressing proinflammatory cytokines (5, 36, 39) . Several previous studies (5, 39, 52) have reported micturition abnormalities in the EAE model, including both detrusor areflexia and detrusor hyperactivity associated with spinal cord inflammation, and hindlimb paralysis. Although the EAE model has its merits, it is known as "a monophasic disease" characterized by chronic inflammation in the CNS, unclear onset, and limited neurodegeneration (30); these qualities have prevented researchers from determining the precise relationship between the onset and degree of neurological impairment and the level or nature of neurogenic bladder dysfunction.
The exact causes of the development of MS are still unknown. Epidemiological studies (6, 31) have postulate the multifactorial etiology of human MS, including the prominent role of environmental influences (such as viral infection). Viral models of demyelination in the CNS have been widely used for studying the mechanisms of MS pathogenesis (44, 51 ), but no model of neurogenic bladder dysfunction resulting from virusinduced demyelination of the CNS has been evaluated in animals. Among the available viral models of MS, several strains of mouse hepatitis virus (MHV) have been shown to cause inflammation and demyelination in the CNS, mediated by inflammatory T cells and macrophages, that were similar both clinically and histologically to human MS (8, 23) . In the present study, we performed a comprehensive evaluation of neurogenic bladder dysfunction in a mouse model of coronavirus-induced encephalomyelitis (CIE) using inoculation with a neurotropic strain (A59) of MHV. Our data suggest that the CIE model of bladder dysfunction is suitable for studies of the pathological mechanisms driving neurogenic detrusor overactivity upon degeneration in the CNS. Future studies using this model may accelerate the development and testing of novel therapeutic approaches for the prevention and treatment of LUT symptoms in MS patients.
MATERIALS AND METHODS
Mouse model of CIE. Adult male mice (C57BL/6J, 8 wks of age, n ϭ 146, Jackson Laboratories) received a single intracranial inoculation of MHV (A59 strain, 5,000 plaque-forming units) in 20 l PBS. For the production of the virus, we followed the method described in Ref. 29 . Briefly, the virus was propagated in the 17Cl-1 mouse fibroblast cell line followed by three cycles of freezing-thawing. The large debris was spinned down, and the supernatant was used as a stock solution. The control group received sterile PBS. After inoculation, mice were observed daily for the evaluation of neurological signs of disease progression. Clinical symptoms were assessed daily for each animal, and a clinical symptom score (CSS) was assigned as per the following specifications: 0 ϭ normal with no clinical signs, 1 ϭ loss of tail tonicity/kyphosis, 2 ϭ tail paralysis/severe kyphosis, 3 ϭ partial hindlimb paralysis, 4 ϭ complete hindlimb paralysis, and 5 ϭ complete hindlimb paralysis and forelimb paresis/paralysis. Animals were weighed both before inoculation (baseline) and every subsequent week until the experimental end point. All mice had ad libitum access to food and water with special measures taken to accommodate neurologically compromised animals. To assess the degree and nature of LUT symptoms in mice with CIE, all experiments were performed at 4 wk postinoculation, corresponding to the development of demyelination in the spinal cord as previously established for the A59 strain of MHV (8, 23) . All experiments were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania.
Histological visualization of CNS damage and demyelination in CIE mice. Mice were anesthetized with pentobarbital (70 mg/kg) injected intraperitoneally. Animals were then transcardially perfused with physiological saline solution followed by 4% paraformaldehyde solution (pH 7.4). The brain, urinary bladder, spinal cord, and lumbosacral (L6-S2) dorsal root ganglia were isolated from both control and CIE mice and immediately immersed in 4% paraformaldehyde fixative on ice. Tissues were fixed overnight (4°C) and afterward cryoprotected in sucrose (20%) for 3 days. Next, specimens were sectioned on a cryotome at 10-m increments. To assess the degree of myelination/demyelination in neural tissues, sections were rinsed in distilled water for 2 min and then incubated with luxol fast blue (0.1%, KTLFB, American MasterTech) for 2 h at 60°C to visualize myelin. After a subsequent wash in distilled water for 30 s, destained nonmyelinated areas were visualized by dipping the slides eight times for 1 s each in lithium carbonate (0.05%, catalog no. 62470, Sigma-Aldrich) followed by a wash with 70% reagent alcohol. Slides were rinsed in distilled water for 15 s and then differentiated by cresyl violet (0.25%, catalog no. C5042, Sigma-Aldrich) for 8 min. After the sections had been dipped in 70% reagent alcohol for 5-10 times, slides were dehydrated quickly through three changes of absolute alcohol (200 proof) and cleared by fresh xylene (3 times). To evaluate gross structural changes in the bladder wall, bladder sections were stained with hematoxylin and eosin (H&E Staining Kit, Richard-Allan Scientific, Kalamazoo, MI) and assessed for signs of edema and inflammation under a light microscope.
Immunofluorescent labeling was performed on spinal cord sections to evaluate the spatial distribution of MBP and glial fibrillary acidic protein (GFAP). Frozen samples of the cervical, thoracic, and lumbosacral spinal cord were washed in PBS for 5 min and blocked with blocking buffer containing 3% normal goat serum in PBS for 1 h at room temperature. Next, tissues were incubated overnight at 4°C with primary antibodies [anti-MBP (rabbit polyclonal antibody, ab40390, Abcam, 1:500 dilution) or anti-GFAP (rabbit polyclonal antibody, ab7260, Abcam, 1:4,000 dilution)] in dilution buffer containing 1% normal goat serum in PBS and 0.2% Triton X-100. After washes with PBS, sections were incubated with secondary antibodies [rabbit Alex fluor 555-conjugated antibody (no. 4413, Cell Signaling, 1:1,000 dilution)] for 1 h at room temperature in the dark followed by a wash with PBS. Images were collected using a Leica DM5000 microscope (Leica Microsystems, Wetzlar, Germany) and stored using ImagePro software (Media Cybernetics, Bethesda, MD).
Level of inflammation in the CNS and LUT assessed by multiplex ELISA. Frozen brain, spinal cord, and urinary bladder tissues isolated from control (n ϭ 5) and CIE mice at 1 wk (n ϭ 3) and 4 wk (n ϭ 6) postinoculation were homogenized using a PowerGen 500 homogenizer (Fisher Scientific, Rockford, IL) in ice-cold lysis buffer containing 25% glycerol, 62.5 mMTris·HCl, protease inhibitor cocktail tablets (1 tablet/10 ml lysis buffer, catalog no. 11 836 170 001, Roche Applied Science), and phosphatase inhibitor cocktail tablets (1 tablet/10 ml lysis buffer, catalog no. 04 906 837 001, Roche Applied Science). SDS (10%) was added to the samples, and samples were vortexed and boiled for 4 min. Extracts were centrifuged at 10,000 rpm for 15 min at 40°C, and supernatants with total protein were collected. The protein concentration in each sample was detected using the BCA protein assay kit (Thermo Fisher Scientific, Rockford, IL).
To evaluate the level of active inflammation in the CNS and LUT, we performed ELISA in accordance with the manufacturer's instructions using the Cytokine Mouse 10-Plex Panel ELISA kit (Novex, LMC0001, Life Technologies). The Cytokine Mouse 10-Plex Panel for the Luminex platform quantifies the following in serum, plasma, and tissue extracts: mouse granulocyte-macrophage colony-stimulating factor, interferon (IFN)-␥, IL-1␤, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12 (p40/p70), and TNF-␣. Each sample and standards were run in duplicate. The concentration of total protein in each sample was 400 g/ml. Briefly, a 96-well microplate was loaded with 25 l diluted bead solution with antibodies for 30 s followed by supplementation with 200 l wash solution for 30 s. Standard wash solution was used to wash plates twice followed by the addition of 50 l incubation buffer to each well; 50 l assay diluent and 50 l sample were mixed in each of the assigned wells. Wells designated for the standard curve received 100 l of the appropriate standard dilution. Plates were incubated for 2 h at room temperature on an orbital shaker to keep beads suspended during the incubation. After incubation, plates were washed two times. Subsequently, 100 l biotinylated detector antibody was added, incubated for 1 h, and again washed two times; 100 l of prepared 1ϫ streptavidin-R-phycoerythrin was added to each F613 CORONAVIRUS-INDUCED NEUROGENIC BLADDER DYSFUNCTION occupied well except the blank, and samples were incubated for 30 min at room temperature and then washed (three times). After that, 100 l wash solution was added to each well, and the plate was put on an orbital shaker (500 -600 rpm) for 2-3 min to resuspend the beads. The plate was then inserted into the XY platform of the Luminex 200 instrument (Life Technologies) for sample reading and analysis.
Micturition patterns in CIE mice assessed by filter paper assay. Mice scheduled for histological tissue collection in the experiments described above (n ϭ 11) underwent evaluation of micturition patterns using filter paper assay. Animals were placed in individual cages containing elevated (by 1 in.) mesh flooring for 3 h; filter paper was placed on the bottom of the cage. Each mouse had free access to sterile water gel (HydroGel); however, no food was available during testing. Each animal underwent evaluation at the following time points: preinoculation (baseline) and weeks 1-4. Baseline testing provided an experimental structure in which each animal could serve as an internal control. The number of large (Ն1.0 cm) and small (Ͻ1.0 cm) micturition spots on the filter paper were summed after each test.
Urodynamic evaluation of bladder function in unanesthetized animals. The cohort selected for urodynamic evaluation of urinary bladder function (awake cystometry) consisted of both infected (n ϭ 4 mice/CIE group with a CSS of 2 or 3) and control mice (n ϭ 6). These animals underwent a survival surgical procedure with the insertion of bladder catheters 4 days before the experimental endpoint (4 wk postinoculation). Bladder catheter placement required animal anesthetization with isoflurane (VEDCO, St. Joseph, MO). Next, a PTF catheter with a blunted end (polyethylene-50, Clay Adams) was sutured in place at the bladder dome and tunneled out of the abdomen to the nape of the neck, where it was then inserted into the end of an angiocath catheter, as previously described (26) . The angiocath was first tested with a gentle saline infusion to reveal no leak at the bladder and then anchored to the fascia and skin of the neck using two to three 5-0 Vicryl sutures. The abdominal incision was also closed in layers. Animals were allowed to recover from anaesthesia and subsequently transferred to individual cages to avoid possible catheter damage by coinhabitants. Mice were given 4 days to recover from surgery before the initiation of cystometric evaluation of bladder function.
For urodynamic assessment of bladder function, conscious mice were placed in cystometry cages (length: 24 cm, width: 16 cm, and height: 12 cm) without restraint and allowed to acclimate for 30 min. The tip of the exteriorized bladder catheter, located at the base of the mouse neck, was connected to a pressure transducer and the infusion pump of the cystometry station (Small Animal Laboratory Cystometry, Catamount Research and Development, St. Albans, VT) using a T-shaped valve. Room temperature saline solution (0.9% NaCl) was infused into the bladder at a rate of 10 l/min. Voided urine was collected in a tray connected to a force displacement transducer, which actively integrated results into the data-acquisition system. Each animal was observed for approximately six to eight voiding cycles. Urodynamic values were continuously recorded using dataacquisition software (Small Animal Laboratory Cystometry, Catamount Research and Development). The following cystometric parameters were recorded and analyzed in this study: bladder capacity, pressure at the start of micturition, micturition rate, continuous intravesical pressure, intermicturition interval, and number of nonmicturition contractions. Nonmicturition contractions were defined as increased values of detrusor pressure from the baseline that were not associated with voiding. These contractions had amplitudes of at least a third of maximal pressure during a single micturition event.
Cystometric parameters were uploaded from the acquisition software into analysis software (SOF-552 Cystometry Data Analysis, version 1.4, Catamount Research and Development). Maximum pressure at micturition, bladder capacity, micturition volume, number of nonmicturition contractions, intermicturition interval, and micturition rate indexes were calculated. The results were statistically analyzed using one-way repeated-measures ANOVA between groups followed by Bonferroni's posttest as appropriate (Systat Software, San Jose, CA).
Behavioral experiments and assessment of pelvic sensitivity using von Frey filaments. Pathophysiological changes in the innervation of the pelvic viscera and surrounding somatic structures (e.g., pelvic floor muscle) can affect abdominal sensitivity since both visceral and somatic peripheral inputs converge at the dorsal horn of the spinal cord. Alterations in abdominal sensitivity could be measured using mechanical stimulation with von Frey filaments on the lower abdominal/pelvic area. Mice (n ϭ 8) were tested before (baseline) and every week after inoculation with the virus during a 4-wk period. During testing, mice were placed in individual Plexiglas chambers (6 ϫ 10 ϫ 12 cm) containing a stainless steel wire grid floor (acclimation period was 30 min before testing). The frequency of withdrawal responses was tested using five individual fibers with forces of 0.04, 0.16, 0.40, 1.00, and 4.00 g (Stoelting). Each filament was applied for 1-2 s with an interstimulus interval of 5 s for a total of 10 times, and the hairs were tested in ascending order of force. Stimulation was confined to the lower abdominal area in the general vicinity of the bladder, and care was taken to stimulate different areas within this region to avoid desensitization or "wind up" effects. Three types of behavior signified a positive response to filament stimulation: 1) sharp retraction of the abdomen, 2) immediate licking or scratching of the area of filament stimulation, or 3) jumping, as previously described (46) . Data analysis and statistical comparisons. All data are expressed as means Ϯ SE. Results were statistically analyzed using one-way repeated-measures ANOVA between groups followed by Bonferroni's posttest as appropriate (Systat Software). Data with P Յ 0.05 were considered statistically significant.
RESULTS
Behavioral phenotype and neurological deficit development in the CIE model. Inoculation of mice with MHV-A59 triggered significant changes in animal behavior, which corresponded to the development of acute inflammation in the CNS. Animals experienced the loss of tail tonicity/tail paralysis, kyphosis, and partial/complete hindlimb paralysis over the course of the disease process with CSS values ranging from 1 to 5 (n ϭ 84). The loss of tail tonicity was observed as early as 2 days postinoculation in all CIE mice followed by a progressive diminution of motor reflexes. The control group, injected with PBS alone, showed no impairment throughout the experimental period. The average CSS in the CIE group of mice was 2.3 Ϯ 0.5 at 1 wk postinoculation and 2.6 Ϯ 0.5 at 2 wk Fig. 1A ).
Among infected animals, 28% reached a CSS of 4 and 5, associated with the acute phase of encephalitis; none of these animals survived the acute phase of infection. The remaining mice with a CSS of 2 or 3 recovered from the acute phase by week 2 (n ϭ 60) and had residual signs of neurological deficits, accompanied by the development of significant demyelination in the CNS by 4 wk postinfection. The majority of CIE mice reached their highest CSS within 1 wk after viral infection (Fig. 1B) . Changes in the behavioral phenotype were accompanied by progressive weight loss (75.4 Ϯ 5.1% and 77.6 Ϯ 5.2% of baseline values at 1 and 2 wk, respectively, P Յ 0.001; Fig. 1C ). After 2 wk, the mice experienced a gradual increase in weight until they approached their baseline values at 4 wk postinfection. Weight fluctuations directly correlated with the severity of neurological impairment and CSS (Fig. 1D ). Mice with a CSS of 2 or 3 experienced significant weight loss after inoculation with MHV-A59 compared with animals with a CSS of 1 (Fig. 1D ).
Distribution of demyelination and inflammation in CIE mice.
Histological analysis of spinal cord sections after staining with luxol blue/cresyl violet revealed multifocal, severe demyelination in the cervical (Fig. 2B) , thoracic (Fig. 2C) , and lumbosacral ( Fig. 2D ) spinal cord along with scattered inflammatory cell infiltration in the white matter of CIE mice. These features were absent in mice in the control group ( Fig. 2A) . The distribution of demyelinated lesions throughout the entire length of the spinal column did not follow any specific pattern; however, the cervical spinal cord seemed to be affected more severely compared with thoracic and lumbosacral segments, as evidenced from the analysis of normalized intensity of staining between the segments (Fig. 2E ). While the intensity of staining was significantly different between normal spinal cord sections and lesion sites in CIE mice, there was no substantial difference in staining between nonlesion sites in CIE mice compared with control mice (Fig. 2E ). Evaluation of luxol blue staining in the dorsal root ganglia did not reveal any significant changes in neuronal morphology or nerve fibers between control and CEI animals (Fig. 2F ). To confirm that the formation of lesions was due to the loss of myelin, we performed immunohistochemical labeling of spinal cord sections with antibodies against MBP (Fig. 3A) and observed an ϳ50% reduction in MBP labeling at lesion sites across all sections in CIE mice (P Յ 0.05 vs. control mice; Fig. 3B ). Additional immunohistochemical labeling with antibodies against GFAP (Fig. 3C ) showed a twofold upregulation in GFAP expression at demyelinated sites postinoculation (P Յ 0.05 vs. control mice; Fig. 3D ). Structural changes in the spinal cord of CIE mice were evaluated in parallel with potential changes in urinary bladders isolated from same animals. Gross analysis of hemotoxylin and eosin-stained sections from the urinary bladders of CIE mice did not reveal any substantial differences between control and infected mice (Fig. 4A ). In addition, a cytokine multiplex ELISA was used to evaluate the level of inflammation in the CNS and urinary bladder at 1 wk (acute stage) and 4 wk (recovery phase) postinoculation. Several proinflammatory cytokines were significantly upregulated in the brains of infected mice at 1 wk postinoculation (Fig. 4B) followed by a gradual recovery to baseline values by 4 wk postinoculation. In the spinal cord, only IFN-␥ levels were upregulated at 1 wk postinoculation (P Յ 0.05; Fig. 4C ), suggestive of a mild inflammatory reaction; however, this proved to be a transient response as normal levels were once again observed 4 wk postinfection. No changes in cytokine levels were noted in the urinary bladder during the entire course of investigation ( Fig. 4D ).
Effects of demyelination on micturition patters and urodynamic parameters recorded in awake unrestrained mice.
To evaluate the effects of MHV-A59-induced demyelination on micturition patterns and urinary bladder function in vivo, we performed a filter paper assay in conscious mice (n ϭ 11) at baseline and weekly thereafter after inoculation with the virus. This approach allowed us to observe dynamic changes in micturition patters in the same animals over a 4-wk period. Representative micturition patterns from one of the infected mice (CSS of 3) are shown in Fig. 5 and reflect the development of neurogenic bladder overactivity as evidenced by an increased number of both small (Ͻ1.0 cm in diameter; Fig. 5B ) and large (Ն1.0 cm in diameter; Fig. 5C ) urine spots during the progression of demyelination. Increasing numbers of small and large urine spots correlated with the degree of clinical deficit; this relationship was observed from 2 wk postinoculation until 4 wk postinoculation in infected mice. Cystometric assessment of urinary bladder function in conscious mice complemented the filter paper assay and was performed in control mice (n ϭ 6) and MHV-A59-infected mice (n ϭ 4 mice with a CSS of 2 and 4 mice with a CSS of 3) at 4 wk postinoculation, as described above in MATERIALS AND METHODS. Demyelination of nerve fibers in the CNS after inoculation with the virus led to long-lasting changes in micturition patterns, which correlated with the level of developed neurological deficit. Figure 6A shows raw cystometric traces recorded in a control mouse (top) and in representative mice with a CSS of 2 (middle) and 3 (bottom). In the group of animals with a CSS of 2, the intermicturition interval ( Fig. 6B ) and pressure at voiding (Fig. 6C) were similar to the respective values in the control group. However, these mice developed voiding dysfunction, associated with an increased number of nonvoiding contractions (3.4 Ϯ 0.5 vs. 1.0 Ϯ 0.2 in control mice, P Յ 0.05), lower bladder capacity (78.5 Ϯ 5.2 vs 100.7 Ϯ 10.1 l, P Յ 0.05), and decreased voided volume (0.03 Ϯ 0.003 vs. 0.045 Ϯ 0.005 ml, P Յ 0.05; Fig. 6D ). The progression of demyelination in the CNS (mice with a CSS of 3) caused more severe changes in urodynamic parameters, including shortened intermicturition intervals from 546 Ϯ 51 s (in control mice) to 236 Ϯ 14 s (P Յ 0.05; Fig. 6B ), decreased bladder capacity, and a reduced volume of voided urine (P Յ 0.05; Fig. 6D ). These results confirm the development of neurogenic bladder dysfunction in CIE mice and provide evidence of a distinct correlation between levels of neurological deficit and severity of the developed neurogenic bladder dysfunction.
Virus-induced alterations in neural pathways induce phasic changes in abdominal sensitivity to mechanical stimulation. To evaluate the relationships of sensory and motor reflexes with innervation of the pelvic viscera and surrounding somatic structures (e.g., pelvic floor muscle and skin), abdominal sensitivity was tested in a separate group of mice (n ϭ 8) both preand postinoculation with MHV. Mice with a CSS of 2 or 3 were used for this experiment. Figure 7 shows the frequency of responses to von Frey filament testing in the lower abdominal area from baseline and every subsequent week postinoculation until the experimental end point. Baseline measurements demonstrated that the response frequency correlated with the applied force, reaching a plateau of 27.2 Ϯ 4.2% with the maximal tested force of 4 g (Fig. 7) . One week postinoculation, corresponding to the acute stage of inflammation in the CNS, mice became more sensitive to the filament testing with response rates reaching 45% upon application of higher filament forces (P Յ 0.05 vs. baseline at 4 g; Fig. 7 ). Two and three weeks postinfection, the frequency of responses was completely eliminated for the lower ranges of the applied forces (from 0.04 to 0.4 g, P Յ 0.05 vs. baseline for each force); in contrast, responses to higher force filaments did not differ from respective baseline levels. By 4 wk postinoculation, the significant neurological deficit was paralleled by a substantial diminution of abdominal sensitivity to mechanical stimulation of the lower pelvis (P Յ 0.05). These results provide evidence showing that sensitivity of the pelvic region to mechanical stimulation during the development of chronic neurological impairment undergoes phasic changes; these changes are associated with increased sensitivity during acute inflammation of the CNS (1 wk postinoculation) followed by a gradual decrease in abdominal sensitivity response during the progression of neural deficit and demyelination.
DISCUSSION
In the present study, we evaluated the structural and functional pathophysiology of neurogenic bladder dysfunction using a coronavirus-induced mouse model of encephalomyelitis. Infection of mice with MHV is one of the two major viral models (along with Theiler virus) traditionally considered as an animal model of MS. This model has been previously used for the study of neurological demyelinating disease (8) . After inoculation with MHV-A59, viral titers reach maximal values in the CNS at 5 days postinfection and then begin to decline after 7 days postinfection, coincident with the peak of the CD8T cell response. Subsequently, the infectious virus becomes undetectable ϳ2 wk postinfection (32) . However, despite the clearance of infectious virus, viral RNA (both genomic and mRNA) persist in the CNS; consequently, immune-mediated demyelination develops and plateaus at ϳ4 wk postinfection (23, 25) . The clinical course of CIE progression depends on the amount of the virus introduced and the age of the mice at inoculation. It is characterized by weight loss and progressive ascending paralysis followed by spontaneous recovery (8) . Our behavioral experiments established that the clinical signs of MHV infection ranged from the loss of tail tonicity and weak hindlimbs to almost total paralysis (in mice with a CSS of 4 or 5); the latter was associated with high mortality. Animals that survived the acute phase of the disease underwent an incomplete recovery from the initial attack with residual neuroparalytic signs (23, 25) . The spinal cords of the affected mice exhibited myelin loss in the white matter of the spinal cord with axonal sparing, as previously detected by staining with luxol fast blue and/or electron microscopy (15, 25) . The absence of gross structural changes in the sensory ganglia of CIE mice suggests that the effects of virus-induced demyelination seem to be confined to the CNS.
A key event in the formation of characteristic MS lesions in CIE mice is the infiltration into the CNS of myelin-specific CD4 ϩ T helper (Th)1 cells capable of secreting proinflammatory Th1-type cytokines, such as IFN-␥ and TNF-␣ (24) . The process of transmigration of circulating immune cells to the urinary bladder is complex, involving their activation by cytokines and chemokines as well as the secretion of proteolytic enzymes. It has been previously established that TNF may promote differential trafficking of bladder mast cells in a model of neurogenic bladder induced by Bartha's strain of pseudorabies virus (12) . Exposure of monocytes to IFN-␥ induced proteolytic activity capable of degrading MBP (20) . Additional studies have demonstrated that IFN-␤ can suppress T cell (27) and lymphocyte (45) migratory capacity. Future studies are warranted to determine if IFN or TNF perturbation would be a viable therapeutic approach for mitigating LUT symptoms in MS patients.
Our data correlate with previously published results from other animal models of MS, such as EAE. Experimental models of EAE include proteolipid protein-induced relapsingremitting demyelinating disorder and chronic models of MS induced by either MBP (39) or oligodendrocyte glycoprotein (1) . Rodents with EAE present CNS lesions with inflammation, demyelination, axonal loss, and gliosis (14) while displaying significant bladder dysfunction (2, 4, 5, 13, 39) . A previous study (28) has reported a certain degree of hemorrhage, necrosis, and ulceration of the urothelium in the urinary bladders of rats with EAE; however, we did not detect any structural changes in the urinary bladder of CIE mice. This may be one of the distinguishing features of the CIE model from previously described EAE models.
In addition to extensive demyelination of the spinal cord, lesion sites in CIE mice were characterized by an upregulation of GFAP expression, suggestive of gliosis. The process of reactive gliosis is usually characterized by morphological changes (hypertrophy), functional alterations, and a profound increase in the expression of astrocyte-specific intermediate filament GFAP (37) . Although increased GFAP expression is widely used as a marker for astrogliosis, the precise functional role of GFAP in astrocytes is not known, and the implications of increased GFAP expression for astrocyte-mediated functions in gliosis remain elusive (37, 48) . On one hand, reactivation of astrocytes may have detrimental effects by increasing neurotoxic substances, exacerbating cell loss, and minimizing CNS repair by scar formation. On the other hand, reactive gliosis could be beneficial by enclosing the affected area, restricting inflammation, taking up excessive amounts of extracellular glutamate, and eliminating free radicals (3, 22, 47, 48) . For instance, GFAP Ϫ/Ϫ mice have been demonstrated to be more sensitive to spinal cord injury (40) and to neurotoxicity (43) , indicating a protective role for GFAP. The precise role of GFAP upregulation in the CIE model of MS and its effects on micturition pathways warrant future studies.
Analysis of voiding patterns with filter paper assays and micturition parameters using urodynamics in unanesthetized CIE mice confirmed the development of neurogenic detrusor overactivity in inoculated animals. The urodynamic profile of CIE mice matched the results of clinical studies that established that detrusor hyperreflexia associated with urinary frequency and urgency is the most common urodynamic abnormality in patients with MS (9, 10, 17, 38) . A limitation of the cystometric evaluation in our study was the inability to catheterize mice preinoculation followed by weekly urodynamic evaluation of bladder function throughout the course of the demyelination process (until week 4). This approach was not feasible as bladder stones begin to develop 7-10 days after catheterization due to the narrow diameter of the catheters and the small size of mouse bladders; these features resulted in the initiation of local inflammation in the bladder, which precipitated to kidney failure due to outflow obstruction.
The neurogenic bladder overactivity detected in CIE mice aligns with the urodynamic findings of a variety of micturition abnormalities detected in EAE models of MS. Previous studies have determined that mice with EAE develop a significant increase in bladder size (2) , shortened intermicturition intervals, decreased volume of voided urine, changes in morphology (5) , and expression of molecular markers of fibrosis (4) in the urinary bladder. MBP-induced EAE in Lewis rats is primarily a monophasic inflammatory disease with relatively modest levels of demyelination and neurodegeneration (39, 49) . Rats with MBP-induced EAE develop both detrusor areflexia and detrusor hyperactivity, which correlate with spinal cord inflammation and hindlimb paralysis (39) . Using cystometric analysis, Mizusawa et al. (39) showed that EAE caused detrusor areflexia in 52% of female rats compared with 12% that developed detrusor overactivity. More recently, Vignes et al. (52) established that the majority of female rats presented symptoms of detrusor areflexia before the onset of EAE but that detrusor overactivity developed at the onset of the disease. Additionally, the occurrence of detrusor sphincter dyssynergia after the onset of EAE has also been reported in EAE rats (4, 5) . The viral etiology of the LUT dysfunction in CIE mice and earlier experimental time point postinoculation (28 days compared with 70 days in EAE models) likely underlie the differences between cystometric findings in our study and the aforementioned EAE models. Future studies are warranted to follow CIE mice for longer periods of time to evaluate potential dynamic changes in the pathophysiology of CNS and LUT pathophysiology during disease progression. Mice with CIE also experienced phasic changes in abdominal (somatic) sensitivity. During the acute phase of CNS inflammation, there was an increase in the response of the abdominal somatic field to mechanical stimulation with von Frey filaments. However, the development of a neurological deficit caused a progressive diminution of mechanosensitive responses, possibly due to general deterioration of motor reflexes. This is a novel observation, which has not been previously reported in EAE models of MS. The mechanisms underlying the loss of mechanical sensitivity in the lower pelvic area may include impaired synaptic activity in the lumbosacral spinal cord and modified neural plasticity of sensory and motor pathways due to inflammation, demyelination, axonal damage, and gliosis triggered by viral infection.
In summary, the CIE model of neurogenic bladder overactivity is a clinically relevant model of voiding dysfunction observed in patients with MS. Unlike other existing models of LUT abnormalities in MS, it is induced by an environmental agent (e.g., a virus), and, therefore, reflects the spontaneous nature of disease occurrence. This mouse model of MS is suitable for studying the relationship between voiding dysfunction and progressive neurological impairment over the course of virus-induced demyelinating disorder. Future testing and refinement of the CIE model may enable its use for the development and testing of novel therapeutic methods for the prevention and treatment of neurogenic bladder overactivity in MS patients.
